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(54) Internal combustion engine 

(57) A diesel engine comprises a turbocharger, an 
intercooler 4, a particulate filtering unit 10 and an EGR 
cooler 12. EGR ratio of intake air, injection timing of an 
injection nozzle and excess air ratio X to fuel are control- 
led depending upon engine-operating load. Lean 
p remixed compression ignition is performed at low 
engine load; low temperature combustion at low excess 
air ratio with high EGR ratio is performed at medium 
engine load; and normal EGR combustion is performed 
at high engine load. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to an internal 
combustion engine. 

[0002] In recent years, more and more strict regula- 
tions for control of exhaust gas from automobile has 
been enforced under strong demands on maintenance 
of better environmental conditions. In particular, for die- 
sel vehicles, strict regulations have been enforced on 
NO x (nitrogen oxides) and soot (particulate matter) 
emissions in exhaust gas. 

[0003] Conventionally, NO x and soot emissions in 
the exhaust gas are reduced, for example, by a lean 
premixed compression ignition method in which the tim- 
ing of fuel injection is set earlier to prolong ignition delay. 
According to this method, fuel is burnt at low tempera- 
ture since it is turned Into lean gas mixture after comple- 
tion of injection thereof. Thus, NO x and soot emissions 
in the exhaust gas can be reduced to substantially zero. 
[0004] As a further conventional way to reduce NO x 
emission in exhaust gas, an EGR (Exhaust Gas Recir- 
culation) system is known in which engine exhaust gas 
is partly recirculated as EGR gas together with intake 
air to the engine. The EGR gas has relatively high spe- 
cific heat and can absorb a large amount of heat. As a 
result, the more the amount of the EGR gas is 
increased, i.e. the more the EGR ratio (amount of EGR 
gas/(amount of EGR gas + amount of intake air)) is 
increased, the more combustion temperature in com- 
bustion chamber is decreased and the more the amount 
of NO x produced is decreased. 

[0005] A further conventional way to suppress NO x 
emission in exhaust gas is to use NO x catalyst which 
promotes decomposition of NO x into harmless gas. 
[0006] Particulate matter in exhaust gas is conven- 
tionally reduced by using a diesel particulate filtering 
unit with a particulate filter therein (DPF) or a N0 2 
regeneration type diesel particulate filtering unit (cata- 
lytic DPF). 

[0007] The above-mentioned lean premixed com- 
pression ignition method may almost completely elimi- 
nate NO x and soot emissions at low to medium engine 
load; the amount of HC will, however, increase due to 
the fuel injection at earlier timing. Moreover, earlier igni- 
tion disadvantageously leads to higher fuel consump- 
tion. Furthermore, the method can hardly provide stable 
operation at high engine load because of possible 
abnormal combustion such as knocking. 
[00O8] In the case of the EGR system. NO x emis- 
sion is reduced as the EGR ratio is increased; however, 
when the EGR ratio is increased beyond a certain limit, 
the amount of soot produced rapidly increases. 
[0009] In the case of NO x catalyst being used, such 
NO x catalyst cannot fulfill its function completely and 
therefore is not enough for practical use. 
[001 0] Use of DPF or catalytic DPF may contribute 



to removal of particulate matter; but it has nothing to do 
with reduction of NO x emission at all. 

[0011] To solve the above and other problems, It Is 
an object of the invention to provide an Improved inter- 
5 nal combustion engine such as diesel engine which can 
reliably reduce NO x and particulate matter emissions in 
engine exhaust gas over all engine-operating load 
range from low to high load and which can also reduce 
fuel consumption. 

10 

BRIEF SUMMARY OF THE INVENTION 

[001 2] The internal combustion engine according to 
the invention comprises means for decreasing combus- 

15 tion temperature and means for increasing ignition 
delay, both of said means being used at low to medium 
engine load such that combustion of fuel In the engine 
is at a temperature lower than that at which NO x is pro- 
duced and at an equivalent ratio lower than that at which 

20 soot is produced, said means for decreasing combus- 
tion temperature being used at medium to high engine 
load such that combustion of the fuel in the engine is at 
a temperature lower than that at which NO x or soot is 
produced. 

25 [001 3] The internal combustion engine according to 
the invention may further comprise an exhaust gas 
recirculation passage for communication of an exhaust 
conduit downstream of a turbine of a turbocharger with 
an intake conduit upstream of a compressor of the tur- 

30 bocharger, and means for removing particulate matter 
provided on a portion of the exhaust conduit upstream 
of a connection of said exhaust conduit with the exhaust 
gas recirculation passage. 

[0014] The means for increasing ignition delay may 
35 comprise means for controlling timing of fuel injection to 
set earlier timing for fuel injection. 
[0015] The means for decreasing combustion tem- 
perature may comprise means for recirculating exhaust 
gas to the engine via the exhaust gas recirculation pas- 
40 sage. 

[0016] Circulation ratio of the exhaust gas to be cir- 
culated to the engine via the exhaust gas recirculation 
passage may be set to more than about 40% at low to 
medium engine load, to more than about 50% at 
45 medium to high engine load and to less than about 50% 
at high engine load. 

[001 7] The internal combustion engine of the inven- 
tion may further comprise means for cooling the 
exhaust gas in the exhaust gas recirculation passage. 
so [0018] As the engine load is increased, timing to 
close an intake valve for performing intake to the engine 
may be retarded by control means for adjusting said tim- 
ing for closing. 

[0019] Thus, according to the invention, it is 
55 ensured that NO x and soot emissions from the engine 
can be reduced over the entire engine-operating load 
range from low to high load and that fuel consumption 
can be also reduced. 
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BRIEF DESCRIPTION OFTHE DRAWINGS 
[0020] 

Fig. 1 is a block diagram of a control system show- 5 
ing an embodiment of an internal combustion 
engine according to the invention; 
Fig. 2 is a graphical representation showing an 
example of a map for injection amount of an Injec- 
tion nozzle to be inputted to an electronic control w 
unit shown in Fig. 1; 

Fig. 3 is a graphical representation showing an 
example of a map for injection timing of the injection 
nozzle to be inputted to the electronic control unit 
shown in Fig. 1 ; is 
Fig. 4 is a graphical representation showing ah 
example of a map for excess air ratio to be inputted 
to the electronic control unit shown in Fig. 1 ; 
Fig. 5 is a graphical representation showing an 
example of a map for EGR ratio to be inputted to the 20 
electronic control unit shown in Fig. 1; 
Fig. 6 is a graphical representation showing an 
example of a map for intake valve opening timing to 
be inputted to the electronic control unit shown in 
Fig. 1 ; 25 
Fig. 7 is a graphical representation showing an 
example of a map for intake valve closing timing to 
be inputted to the electronic control unit shown in 
Fig. 1 ; 

Fig. 8 is a flow chart showing control of various 30 
devices and units according to the block diagram of 
the control system shown in Fig. 1 ; 
Fig. 9 is a graphical representation showing fuel 
injection timing at low engine load; 
Fig. 10 is a graphical representation showing heat 35 
generation ratio at low engine load; 
Fig. 11 is a graphical representation showing intra- 
cylinder pressure at low engine load; 
Fig. 12 is a graphical representation showing fuel 
injection timing at medium engine load; 40 
Fig. 13 is a graphical representation showing heat 
generation ratio at medium engine load; 
Fig. 14 is a graphical representation showing intra- 
cylinder pressure at medium engine load; 
Fig. 15 is a graphical representation showing fuel 45 
Injection timing at high engine load; 
Fig. 1 6 is a graphical representation showing heat 
generation ratio at high engine load; 
Fig. 17 is a graphical representation showing intra- 
cylinder pressure at high engine load; so 
Fig. 1 8 is a graphical representation showing rela- 
tionship between fuel injection timing on the one 
hand and fuel consumption and amount of soot on 
the other hand; 

Fig. 19 is a graphical representation showing rela- 55 
tionship between absolute temperature and equiva- 
lent ratio of Intake gas in a combustion chamber in 
a case where combustion is controlled in the inter- 



nal combustion engine according to the invention; 

Fig. 20 is a graphical representation showing open- 
ing and closing of exhaust and intake valves at low 
engine speed and at low engine load; 
Fig. 21 is a graphical representation showing open- 
ing and closing of the exhaust and intake valves at 
low engine speed and at high engine load; and 
Fig. 22 is a graphical representation showing open- 
ing and closing of the exhaust and intake valves at 
high engine speed and at high engine load. 

DETAILED DESCRIPTION OFTHE PREFERRED 
EMBODIMENT 

[0021] A preferred embodiment of the Invention will 
be described in conjunction with the attached drawings. 
[0022] As shown in Fig. 1, an engine body 1 has 
one side to which is connected an intake manifold 2 for 
supplying suction air to each cylinder. The body 1 has 
the other side to which is connected an exhaust mani- 
fold 3 for taking up exhaust gas from each of the cylin- 
ders. 

[0023] To the intake manifold 2, an intake conduit 5 
is connected at its one end. The intake conduit 5 has an 
Intercooler 4 at its intermediate portion and is con- 
nected at its other end to a compressor 6 of a turbo- 
charger. The exhaust manifold 3 is connected at its 
downstream side in a direction of exhaust gas flow to a 
turbine 7 of the turbocharger. 

[0024] The compressor 6 is connected at its entry 
side to an intake conduit 9 with a throttle valve 8 incor- 
porated therein. The turbine 7 is connected at its dis- 
charge side to an exhaust conduit 11 having at its 
intermediate portion a particulate filtering unit 10 such 
as DPF or catalytic DPF. 

[0025] The exhaust conduit 1 1 is connected at its 
portion downstream of the particulate filtering unit 10 in 
the direction of exhaust gas flow, via an EGR conduit 13 
having an EGR cooler 12 at its intermediate portion, to 
a portion of the intake conduit 9 downstream of the 
valve 8 in the direction of intake flow. The EGR conduit 
13 has, at its portion downstream of the EGR cooler 12 
in the direction of exhaust gas flow (EGR), throttle and 
control valves 14 and 15 in the order named. The con- 
trol valve 15 serves to completely shut off the EGR con- 
duit 13 so that the EGR gas may not flow through the 
EGR conduit 13 when no EGR ratio is controlled. 
[0026] Connection of the EGR conduit 13 to the 
exhaust and intake conduits 1 1 and 9 is to ensure that a 
large amount of EGR gas can be Introduced into the 
EGR conduit 13 using an EGR system with a low pres- 
sure loop. More specifically, pressure (positive pres- 
sure) in the EGR conduit 13 at its side connected to the 
exhaust conduit 1 1 is higher than the pressure (negative 
pressure) in the EGR conduit 13 at its side connected to 
the intake conduit 9 so that the exhaust gas can easily 
flow through the EGR conduit 13. 
[0027] In the case of an EGR system with a high 
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pressure loop, the EGR conduit is connected to both the 
exhaust and intake manifolds 3 and 2 so that the 
exhaust gas can flow from the exhaust manifold 3 to the 
intake manifold 2. In this case, the pressure in the EGR 
conduit at its side connected to the exhaust manifold 3 
Is not necessarily higher than the pressure in the EGR 
conduit at its side connected to the intake manifold 2, 
which may lead to much difficulty in causing a large 
amount of exhaust gas to flow from the manifold 3 to the 
manifold 2. Thus, for example, a blower must be pro- 
vided to cause the exhaust gas to flow from low to high 
pressure side. 

[0028] Provision of the particulate filtering unit 10 
on the exhaust conduit 1 1 upstream of its connection to 
the EGR conduit 13 is to prevent the compressor 6 and 
intercooier 4 from being fouled with particulate matter 
(soot). 

[0029] An injection nozzle 16 of each cylinder, 
which serves for injecting fuel to combustion chamber, 
is connected to one end of a fuel feed conduit 1 7 which 
in turn is connected at its other end to a common rail 20 
for pressure accumulation of the fuel supplied from a 
feed pump 18 via a pressure pump 19. The pumps 18 
and 19 are driven by a part of engine output 
[0030] The intake conduit 9 has an oxygen concen- 
tration sensor 21 connected to the conduit 9 down- 
stream of its connection with the EGR conduit 13 in the 
direction of intake flow. The exhaust conduit 1 1 has an 
excess air ratio sensor 22 connected to the exhaust 
conduit 11 downstream of its connection with the EGR 
conduit 13 in the direction of exhaust gas flow. The EGR 
conduit 1 3 has an EGR gas temperature sensor 23 con- 
nected to the conduit 13 downstream of its connection 
with the EGR cooler 12 in the direction of EGR gas flow. 
Thus, inputted as electric signals to an electronic control 
unit 24 are oxygen concentration 0 2 of the intake in the 
conduit 9 detected by the sensor 21 , excess air ratio X 
of the exhaust gas in the exhaust conduit 1 1 detected by 
the sensor 22 and temperature T of the EGR gas in the 
conduit 13 detected by the sensor 23. 
[0031] The engine body 1 is provided with an 
engine speed sensor 25 and a crankshaft angle sensor 
26. Engine speed (number of revolutions of engine) Ne 
detected by the sensor 25 and crankshaft angle e 
detected by the sensor 26 are inputted as electric sig- 
nals to the electronic control unit 24. 
[0032] In order to detect the engine load, there is 
provided an accelerator stepped-on degree sensor 27. 
Accelerator stepped-on degree (accelerator-related 
valve opening degree) Acc detected by the sensor 27 is 
inputted as electric signal to the electronic control unit 
24. 

[0033] The common rail 20 is provided with a pres- 
sure sensor 28. Pressure P of fuel in the common rail 20 
detected by the sensor 28 is inputted as electric signal 
to the electronic control unit 24. 

[0034] In the unit 24, the respective input signals 
are processed to give throttle angle commands V1 and 



V2 to drives 29 and 30 for the throttle valves 8 and 14, 
respectively. Valve opening degree commands V3 and 
V4 are respectively given to the control valve 1 5 and a 
control valve 32 on a cooling water line 31 for supply of 
5 cooling water to the EGR cooler 1 2. 

[0035] From the unit 24, an ON command V5 may 
be given to a solenoid coil for selective opening and 
closing of the valve of the injection nozzle 16; a valve 
opening degree command V6, to a solenoid coil of a 
10 pressure control valve 33 for the pressure pump 1 9; and 
a vane opening degree command V7, to a drive 34 
which may selectively open and close vanes of the tur- 
bine 7 of the turbocharger. 

[0036] Inputted in advance on the electronic control 

is unit 24 are various types of maps for controlling each 
device and unit based on the detected engine speed Ne 
and accelerator stepped-on degree Acc. Examples of 
these maps are shown in Figs. 2-7. 
[0037] Fig. 2 shows a map for determining amount 

20 of fuel to be injected from the injection nozzle 1 6. Each 
of curves Q 1 , Q 2 , ... and Q n represents a diagram where 
amount of fuel injected is the same while the accelerator 
stepped-on degree Acc and the engine speed Ne are 
different or varied. Amount of fuel to be injected is 

25 increased in the order from Qi , Q 2 , ... to Q n . 

[0038] Fig. 3 represents a map for determining the 
timing to inject the fuel from the injection nozzle 1 6. 
Each of curves tjj, t l2 , ... and tj n represents a diagram 
where injection timing is the same while accelerator 

30 stepped-on degree Acc and engine speed Ne are differ- 
ent or varied. The injection timing is earlier in the order 
from tj-j, tig, ... to t| n . 

[0039] Fig. 4 is a map for determining the opening 
degree of the throttle valve 8. Each of curves A, 1f A^, ... 

35 and A^ represents a diagram where excess air ratio is 
the same while the accelerator stepped-on degree Acc 
and the engine speed Ne are different or varied. Excess 
air ratio X and the opening degree of the throttle valve 8 
are decreased in the order from , X^, ... to A^. 

40 [0040] Fig. 5 is a map for determining the opening 
degree of the throttle valve 14. Each of curves EGR 1f 
EGR 2 , ... and EGR n represents a diagram where the 
EGR ratio is the same while the accelerator stepped-on 
degree Acc and the engine speed Ne are different or 

45 varied. The EGR ratio and the opening degree of the 
throttle valve 14 are decreased in the order from EGR-|, 
EGR2> ... to EGR n . 

[0041] Fig. 6 is a map for determining the timing to 
open the intake valve for intake to each cylinder of the 
50 engine. Each of curves t,-,, t^, ... and tg n represents a 
diagram where the timing to open the intake valve is the 
same while the accelerator stepped-on degree Acc and 
the engine speed Ne are different or varied. The time to 
open the intake valve is earlier in the order from t^, ts ? , 

55 ... to tg n . 

[0042] Fig. 7 is a map for determining the timing to 
close the intake valve. Each of curves t^, t^, ... andt en 
represents a diagram where the timing to close the 
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intake valve is the same while the accelerator stepped- 
on degree Acc and the engine speed Ne are different or 
varied. The timing to close the intake valve is earlier in 
the order from t e1 , t^, ... to te n . 

[0043] In addition to the above, as maps to be pro- 5 
vided on the electronic control unit 24 to control each 
device and unit, there may be various other maps such 
as a map for vane opening degree (VGT opening 
degree) of the turbine 7 of the turbocharger, a map for 
pressure in the common rail 20, etc. io 
[0044] Mode of operation of the embodiment illus- 
trated will be described. 

[0045] In the engine as described above, fresh air 
sucked into the intake conduit 9 is mixed with the EGR 
gas from the EGR conduit 1 3 and sent to the compres- 15 
sor 6 of the turbocharger where it is compressed and is 
sent to the Intake conduit 5. After being cooled by the 
intercooler 4, it is introduced to each cylinder of the 
engine body 1 through the intake manifold 2. 
[0046] The fuel from the common rail 20 is injected 20 
to combustion chamber of each cylinder via the injection 
nozzle 16. It is mixed with the intake gas and is rapidly 
burned. By a force generated by the combustion, the 
engine is driven. 

[0047] The exhaust gas discharged from each cyl- 25 
inder is Introduced to the turbine 7 of the turbocharger 
through the exhaust manifold 3. It drives the compres- 
sor 6 via the turbine 7 and is supplied to the particulate 
filtering unit 10 from the turbine 7 via the exhaust gas 
conduit 11. 30 
[0048] Thus, the particulate matter in the exhaust 
gas supplied to the particulate filtering unit 10 is 
removed by the unit 1 0. The exhaust gas thus free from 
the particulate matter is sent to a subsequent process 
through the exhaust conduit 11. In this case, a part of 35 
the exhaust gas is sent to the EGR conduit 13 and is 
cooled down by the EGR cooler 12 to be turned into the 
EGR gas with a predetermined temperature and is then 
sent from the EGR conduit 13 to the intake conduit 9, 
whereby exhaust gas recirculation (EGR control) is per- 40 
formed. 

[0049] By the operation as described above, the 
amount of NO x and soot emissions can be reduced. 
[0050] Next, general outline of engine operation in a 
case where the EGR control is performed will be 45 
described in conjunction also with Fig. 8. 
[0051] When the engine is operated, inputted as 
electric signals to the electronic control unit 24 are the 
data such as the accelerator stepped-on degree Acc 
detected by the sensor 27, the engine speed Ne 50 
detected by the sensor 25, the crankshaft angle G 
detected by the sensor 26, the oxygen concentration 0 2 
detected by the sensor 21, the excess air ratio X 
detected by the sensor 22, the temperature T of the 
EGR gas detected by the sensor 23, etc. In the unit 24, 55 
the data are processed according to each of the maps 
inputted in advance and each of the commands V1-V7 
is outputted. 



176 A2 8 

[0052] More specifically, in the unit 24, desired val- 
ues of the amount of injection and injection timing of the 
injection nozzle 1 6, of the fuel pressure in the common 
rail 20, of the excess air ratio of intake air to be intro- 
duced into each cylinder and of temperature of the EGR 
gas at the outlet of the EGR cooler 1 2 are read from the 
corresponding maps incorporated in advance in the unit 
24 on the basis of the inputted engine speed Ne and the 
inputted accelerator stepped-on degree Acc. Based on 
these desired values, the ON command V5 is given to 
the solenoid coil for selectively opening and closing the 
valve of the injection nozzle 16 so as to control the 
amount of injection and injection timing of the injection 
nozzle 16 to the desired values. The valve opening 
degree command V6 is given to the pressure control 
vaJve 33 of the pressure pump 1 9 so as to control the 
fuel pressure accumulated in the common rail 20 to the 
desired value. 

[0053] Further, in the unit 24, the desired values of 
VGT opening degree of the turbine 7 of the turbo- 
charger, of the opening degree of the control valve 32 in 
the EGR cooler 12, of the opening degree (totally 
opened or totally closed) of the control valve 15 in the 
EGR conduit 1 3, of the throttle angle of the throttle valve 
14 in the EGR conduit 13, of the throttle angle of the 
throttle valve 8 in the intake conduit 9, etc. are read from 
the corresponding maps. Based on these desired val- 
ues, the vane opening degree command V7 is given to 
the drive 34 so as to control the VGT opening degree of 
the turbine 7 to the desired value. The valve opening 
degree command V4 is given to the control valve 32 of 
the EGR cooler 12 so as to control the opening degree 
of the control valve 32 to the desired value. The valve 
opening degree command V3 is given to the control 
valve 15 so as to control the opening degree (totally 
opened or totally closed) of the control valve 15 to the 
desired value. The throttle angle command V2 is given 
to the drive 30 to control the throttle angle of the throttle 
valve 14 to the desired value. The throttle angle com- 
mand V1 is given to the drive 29 so as to control, the 
throttle angle of the throttle valve 8 to the desired value. 
[0054] Then, judged are whether actual value of the 
excess air ratio X detected by the sensor 22 agrees with 
the desired value or not, whether the actual value of the 
EGR ratio determined from the excess air ratio X and 
oxygen concentration 0 2 respectively detected by the 
sensors 22 and 21 agrees with the desired value or not 
and whether the actual temperature T of the EGR gas 
detected by the sensor 23 agrees with the desired value 
or not. In a case where these actual values agree with 
the desired values, the procedure is returned to the 
reading of the respective maps based on the engine 
speed Ne and the accelerator stepped-on degree Acc. 
[0055] However, if the actual values do not agree 
with the desired values, modified are the desired values 
of the VGT opening degree of the turbine 7, of the open- 
ing degree of the control valve 32 in the EGR cooler 12, 
of the opening degree of the control valve 15 in the EGR 
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conduit 13, of the throttle angle of the throttle valve 14 In 
the EGR conduit 13 and of the throttle angle of the throt- 
tle valve 8 in the intake conduit 9. Then, the VGT open- 
ing degree, the opening degree of the control valve 32, 
the opening degree of the control valve 1 5 and the throt- 
tle angles of the throttle valves 14 and 8 are controlled 
to the modified, desired values. 
[0056] Next, referring to Figs. 9-22, detailed 
description will be given on control procedure when the 
amounts of NO x and soot emissions in the exhaust gas 
from diesel engine are reduced and fuel consumption is 
also decreased in the entire engine-operating load 
range from low to high engine load. 

I) In a case of low to medium load 

[0057] In this case, the timing to start the Injection 
of fuel from the injection nozzle 1 6 is set to 1 0-30 BTDC 
(Before Top Dead Center) shown as position X in Fig. 9. 
Excess air ratio X is controlled to as high as 1 .2-2 and 
the EGR ratio, to as low as 40-60%. As a result, ignition 
delay D is increased as shown in Fig. 10 and fuel Injec- 
tion is completed during the ignition delay D. In so 
doing, the fuel is turned to lean mixture gas after the 
completion of injection and it is burned at low tempera- 
ture (lean premixed compression ignition). As a result, 
no NO x and soot are discharged. Intra-cylinder pressure 
is as shown in Fig. 1 1 . 

II) In a case of medium to high load 

[0058] In this case, the timing to start the injection 
of fuel from the injection nozzle 1 6 Is set to 0-1 0 BTDC 
as shown in Fig. 12. Excess air ratio X, is controlled to as 
low as 1 .0-1 .2 and the EGR ratio, as high as 50-70%. As 
a result, combustion is performed at low temperature in 
expansion process as shown in Fig. 13 and no NO x and 
soot are discharged. Intra-cylinder pressure is as shown 
in Fig. 14. 

[0059] Rg. 18 shows a graphical representation 
showing relationship between fuel injection timing on 
the one hand and fuel consumption and amount of soot 
generated on the other hand. It is evident from this 
graph, if fuel injection timing is selected to decrease fuel 
consumption, particulate matter is generated. However, 
the particulate matter is caught by the particulate filter- 
ing unit 10 and is not discharged to the atmospheric air. 

III) In a case of high load 

[0060] In this case, the timing to start the injection 
of fuel from the injection nozzle 16 is set to 0-20 BTDC 
as shown in Fig. 15. Control is performed to carry out 
normal diesel combustion such that excess air ratio X is 
as high as 1.5-2 and the EGR ratio is as low as 0-50%. 
Combustion condition in this case is as shown in Fig. 1 6 
and intra-cylinder pressure is as shown in Fig. 17. 
Under this condition, the amounts of NO x and soot 



emissions cannot be turned to zero, but the particulate 
is caught by the particulate filtering unit 1 0. 
[0061 ] Fig. 1 9 is a graphical representation showing 
relationship of equivalent ratio (inverse number of 

5 excess air ratio X) and absolute temperature at each of 
the engine loads when combustion is controlled as in I), 
II) and III) above. Symbol A shows the range of combus- 
tion from low to medium load; B, the range of combus- 
tion from medium to high load; and C, the range of 

w combustion of high load. It is evident from the graph of 
Fig. 1 9 that generation of NO x and soot can be turned to 
nearly zero in the cases of low and medium loads, while, 
in the case of high load, some amounts of NO x and soot 
emissions may be generated depending on the condi- 

15 tions. In Figs. 20-22, solid lines represent the conditions 
in the case where exhaust and intake valve lifts in each 
cylinder are controlled under the combustion control as 
described above. Fig. 20 shows the conditions of the 
exhaust and intake valve lifts at low speed and low load. 

20 Fig. 21 shows the conditions of the exhaust and intake 
valve lifts at low speed and medium to high load. Fig. 22 
shows the conditions of the exhaust and intake vaive 
lifts at high speed and high load. 
[0062] In the case of low speed and high load as 

25 shown in Fig. 21 , the timing to close the intake valve is 
set earlier by t, second compared with the case of low 
speed and low load. In the case of high speed and high 
load as shown in Fig. 22, the timing to open the intake 
valve is set earlier by t 2 second, and the timing to close 

30 is set earlier by t 3 second. These timings are set by the 
commands from the electronic control unit 24 as shown 
in Fig. 1 . 

[0063] It is to be understood that the internal com- 
bustion engine according to the invention is not limited 

35 to the embodiment shown in the drawings and that vari- 
ous changes and modifications may be made without 
departing from the spirit and the scope of the invention. 
For example, as the means to increase ignition delay, 
compression ratio of piston may be changed, or shape 

40 and structure of combustion chamber or injection nozzle 
may be changed As the means to recirculate a large 
quantity of EGR gas, EGR pump may be used. Further, 
in order that control may be effected to generate heat at 
or near TDC, the injection nozzle may be designed in 

45 multiple stages or timing of injection may be controlled, 
or EGR ratio may be controlled. 

[0064] As described above, in the internal combus- 
tion engine according to the invention, it is ensured in 
the entire engine-operating load range from low to high 
so load that amounts of NO x and soot emissions from the 
engine can be decreased and that fuel consumption can 
be reduced. 
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Claims 

1. An internal combustion engine comprising means 
for decreasing combustion temperature and means 
for increasing ignition delay, both of said means 
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being used at low to medium engine load such that 
combustion of fuel in the engine is at a temperature 
lower than that at which NO x is produced and at an 
equivalent ratio lower than that at which soot is pro- 
duced, said means for decreasing combustion tern- 5 
perature being used at medium to high engine load 
such that combustion of the fuel in the engine is at 
a temperature lower than that at which NO x or soot 
is produced. 

10 

2. An internal combustion engine as set forth in claim 
1 further comprising an exhaust gas recirculation 
passage (1 3) for communication of an exhaust con- 
duit (11) downstream of a turbine (7) of a turbo- 
charger with an intake conduit (9) upstream of a 15 
compressor (6) of the turbocharger and means (10) 

for removing particulate matter provided on a por- 
tion of the exhaust conduit (11) upstream of a con- 
nection of said exhaust conduit (11) with the 
exhaust gas recirculation passage (13). 20 

3. An internal combustion engine as set forth in claim 

1 wherein the means for increasing ignition delay 
comprises means (24) for controlling timing of fuel 
injection to set earlier timing for fuel injection. 25 

4. An internal combustion engine as set forth in claim 

2 wherein the means for decreasing combustion 
temperature comprises means (7, 11, 13, 9, 6, 5) 

for recirculating exhaust gas to the engine (1) via 30 
the exhaust gas recirculation passage (13). 

5. An internal combustion engine as set forth in claim 
2 wherein circulation ratio of the exhaust gas to be 
circulated to the engine (1) via the exhaust gas 35 
recirculation passage (13) is set to more than about 
40% at low to medium engine load, to more than 
about 50% at medium to high engine load and to 
less than about 50% at high engine load. 

40 

6. An internal combustion engine as set forth in claim 
2 further comprising means (12) for cooling the 
exhaust gas in the exhaust gas recirculation pas- 
sage (13). 

45 

7. An internal combustion engine as set forth in claim 
1 further comprising control means (24) for adjust- 
ing timing for closing an intake valve for intake to 
the engine (1), said timing for closing the intake 
valve being retarded by said control means (24) as so 
the engine (1) load is increased. 
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Reading of engine speed Ne 
and engine load (accelerator 
stepped-on degree Acc) 

I 

Reading of desired values, 
from maps, of Injection amount 
and Injection timing of injection 
nozzle 16, of fuel pressure In 
common rail 20, of excess air 
ratio of intake to each cylinder, 
of EGR ratio and of temperature 
of EGR gas at outlet 12 of EGR 
cooler 12 . 



Reading of desired values, 
from maps, of VGT opening degree 
of turbine 7, of opening degree of 
control value 15 In BGR conduit 13 
and of throttle angle of throttle 
valve 14 In EGR conduit 13. 



i 




VGT opening degree of turbine 7, opening 
degree of control valve 32 In BGR oooler 
12, opening degree of control valve 15 
In EGR oondult 13. throttle angle of 
throttle valve 14 in BGR oondult 13 and 
throttle angle of throttle valva 6 in 
intake conduit 9 are controlled to 
desired values. 



t 



Actual values of excess air ratio 
A , of EGR ratio and of temperature 
at inlet 12 of EGR cooler 12 agree 
with desired values? 



YES 



Amount of injection 
and injection timing 
of Injection nozzle 
16 and fuel pressure 
In common rail 20 
are controlled to 
desired values. 




Modified are VGT 
opening degree of 
turbine 7, opening 
degree of control 
valve 12 in EGR 
cooler 12, opening 
degree of oontrol 
valve 15 in EGR 
conduit 13, throttle 
angle of throttle 
vAlve 14 in EGR 
conduit 13 and throttle 
angle of throttle valve 
8 in intake conduit 9. 
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